Thin sections, freeze-etch preparations and carbon replicas of Thermoactinomyces vulgaris sporangia and endospores were examined in the electron microscope. The outer spore coat contained parallel arrays of long fibrous striations spaced at about 5 nm; there appeared to be several layers with a different orientation of the fibres in each. The outer coat was polyhedral with slightly concave pentagonal and hexagonal faces. A combination of geometrical considerations, analysis of the patterns of faces seen in the replicas and freeze-etchings, and model building suggested that the polyhedron had I 2 pentagonal and approximately I 2 hexagonal faces.
S U M M A R Y
Thin sections, freeze-etch preparations and carbon replicas of Thermoactinomyces vulgaris sporangia and endospores were examined in the electron microscope. The outer spore coat contained parallel arrays of long fibrous striations spaced at about 5 nm; there appeared to be several layers with a different orientation of the fibres in each. The outer coat was polyhedral with slightly concave pentagonal and hexagonal faces. A combination of geometrical considerations, analysis of the patterns of faces seen in the replicas and freeze-etchings, and model building suggested that the polyhedron had I 2 pentagonal and approximately I 2 hexagonal faces.
I N T R O D U C T I O N
The thermophilic actinomycete Thernzoactinomyces vulgaris produces thick-walled, heatresistant endospores with morphological and biochemical properties very similar to those of the endospores of the eubacterial genera Bacillus and Clostridiunz (Cross, Walker & Gould, 1968 ; Dorokhova, Agre, Kalakutskii & Krassilnikov, 1968 Cross, Davies & Walker, 1971) . Our results from thin sections have confirmed this earlier work while freeze-etchings and carbon replicas have provided new information on the fine structure of the outer spore coat and on the overall polyhedral shape of this layer.
The strain of Thermoactinomyces vulgaris used in this study has been shown to have a system of genetic exchange involving transformation (Hopwood & Ferguson, I 970 ; Hopwood & Wright, 1971 , 1972 . Genetic analysis of endospore formation in T. vulgaris should therefore be possible. The cortex and spore coat layers of T. vulgaris appear identical to those of Bacillus species and, as far as their formation is concerned, genetic analysis would be expected merely to duplicate studies already well developed in Bacillus sub tilis(Schaeffer, I 969). On the other hand, because of the mycelial nature of actinomycete growth, details of the initiation of sporangium and forespore formation may well differ from those in the unicellular endospore-forming genera. Secondly, the polyhedral shape of the outer layer in T. vulgaris spores presents an interesting problem which may be open to genetic analysis by the isolation and examination of mutants.
M E T H O D S
Organism and medium. The studies reported here were carried out on Thermoactinomyces vulgaris strain ~9 grown on MMC minimal medium. Details of the origin and growth of this strain are in the accompanying paper by Hopwood & Wright (1972 Electron microscopy. Coated grids were laid on sporulating cultures, pressed down gently and evenly and removed for direct viewing of whole, untreated spores in the electron microscope. For thin sectioning, ' spore suspensions ' in distilled water were prepared from slopes after 3 days of incubation (Hopwood & Wright, 1972) . Fixation and embedding were carried out according to the procedure of Wildermuth (1970) with the following modifications. The spore suspensions were centrifuged at iooog for 10 min and the pellets resuspended in 5 to 6 ml of glutaraldehyde fixative. After fixation, washing in cacodylate buffer and subsequent centrifugation the pellets were embedded in 2 % agar and the resulting blocks cut into pieces approximately I mm3 which were transferred to osmium tetroxide for postfixation. After subsequent dehydration the material was left overnight in a mixture of 3 parts 1,2-epoxypropane to I part Araldite (without accelerator) and then transferred to a I to I mixture, then to a I to 3 mixture and finally to pure Araldite on successive days. After overnight soaking in Araldite plus accelerator, polymerization in fresh Araldite mixture was carried out at 60 "C. Thin sections were cut on a diamond knife, stained with lead citrate and viewed in a Siemens Elmiskop ra.
Freeze-etching. Spores were collected from mass cultures grown in Petri dishes by scraping with a loop, suspended in 25 yo glycerol, centrifuged and the pellet frozen-etched according to the method of Moor (1964) . Carbon replicas. Spores were harvested as before and washed once in distilled water.
Drops of a dense suspension were placed on grids freshly coated with a thick formvar film. After drying in air replicas were made according to the method of Bradley & Williams (1957) omitting the metal shadowing. Thick replicas were made to reduce breakage during etching and washing.
RESULTS

General features.
General features of the aerial mycelium were shown by examining sporulating coverslip cultures under phase-contrast. Mature spores appeared spherical and highly refractile (Fig. I, 3) . Non-refractile, presumably immature, spores were also seen ( Fig. I, 2) . Some spores were borne directly on the main hyphae (sessile spores) but others were attached to the hypha by a very short stalk (Fig. 3) .
In the electron microscope the spores had a polygonal outline; in Fig. 4 they are shown in situ still attached to the lysed hypha.
Fine structure of spores and sporangia. Examination of thin sections in the electron microscope yielded further information on the arrangement of spores on the aerial hyphae. Each spore developed singly within a sporangium which appeared as a lateral extension of the parent hypha (Fig. 5) . The spore was thus surrounded by sporangial cytoplasm which appeared identical to the hyphal cytoplasm. The sporangium was limited by a plasma membrane and wall continuous with the hyphal membrane and wall (Fig. 5 to 7) . A narrow electron-transparent zone was sometimes seen between the outer surface of the spore and the surrounding cytopIasm (Fig. 6 ). In Fig. 5 , sectioned parallel to the long axis of the hypha, the hyphal segment adjacent to the one bearing the sporangium has undergone lysis. The plane of section in Fig. 6 and 7 is roughly perpendicular to the long axis of the hypha. Fig. 5 and 6 show fully mature spores still within the sporangium, while Fig. 7 shows an immature stage prior to the development of the spore coats. At this stage these outer layers are represented only by the thin electron-dense outer membrane.
The material harvested from sporulating cultures consisted largely of mature spores which had been released from their sporangia (Fig. 8,9 ). The various layers surrounding the spore core were clearly seen. The innermost of these is the cortex with a broad electron- Structure of Thermoactinomyces vulgaris spores 371 translucent inner zone and a narrow more electron-dense outer zone (also referred to as the diffuse layer by Dorokhova et al. ( I 970) ). Surrounding this is the inner spore coat consisting of several concentric electron-dense layers. Between these and the thick electron-dense outer spore coat there is a less dense intermediate coat. Shrinkage frequently caused the cortex to separate from the inner coat as in Fig. 8 . Mature spores usually had a polygonal outline in cross-section, the polygonal shape being due to the outer coat. The edges, corresponding to sections of the faces of a polyhedron in three dimensions, tended to be concave (Fig. 8) . Sections usually showed eight to ten edges.
Structure of Thermoactinomyces vulgaris spores
Freeze-etchings provided little information about the internal structure of spores and sporangia since cross-fracturing was rare, presumably because of the hardness of the spore coats. The cross-fractured object shown in Fig. I I may be a sporangium and if so, the object in its centre is presumably a spore. Its exposed surface has a pattern of intermeshed bands differing from that seen on the mature spore ( Fig. 13, 14) ; it may be the outer layer of an immature spore or a subsurface layer of a mature spore, e.g. a layer of the multilayered inner coat. The strands of material within the cytoplasm are presumably membranes and their presence may indicate that the cell is lysing. The pitted plasma membrane can be seen together with 'connecting strands' running into the relatively thick cell wall.
Two cross-fractured spores are shown in Fig. 10 . Their appearance is similar to that of sectioned spores, but it is more difficult to distinguish the boundaries of the cortex and coat layers. Fig. 12 shows a mature spore partially released from its sporangium. Remnants of the sporangium can be seen adhering to the spore.
F h e structure of the spore surface. Frozen-etched preparations of unfractured spores showed that mature spores were polyhedral in shape with pentagonal and hexagonal faces (Fig. 14, 17, 18) . Details of the fine structure of the spore surface were also well shown. The most striking feature was a pattern of striations with a centre-to-centre spacing of about 5 nm between the dark lines ( Fig. 13, 14) . The outer layer thus appeared to consist of sheets of long fibres arranged in parallel arrays, these arrays being sometimes slightly curved (Fig.  13) . As shown in Fig. 13 , there were at least three of these fibrous sheets one above the other with a different orientation of the fibres in each. If, as seems likely, these sheets constitute the outer spore coat, up to six might be expected since the outer coat has a thickness of up to 30 nm. The direction of the fibres did not necessarily change at the edge bounding two faces; conversely, changes of direction were seen within faces but these were probably where breaks occurred exposing an underlying sheet (Fig. 14) . It is of course possible that the breaks were introduced during the freeze-fracturing procedure.
Polyhedral geometry of the mature spore. Regular polygonal faces were not a l w y s seen in freeze-etchings (e.g. Fig. 13 ), but in all instances where they were clearly visible they were pentagons (Fig. 17) or hexagons ( Fig. 18 ) and appeared to be concave. Occasionally the three faces meeting at a common vertex were unambiguously visible. Only two of the four possible patterns were seen: two pentagons and one hexagon ('5, 5, 6' vertex, Fig. 14) and one pentagon and two hexagons ('5, 6, 6' vertex, Fig. 17) .
The freeze-etchings presented an intriguing problem: the spores seemed to have a definite polyhedral shape but how could this shape be determined when at most one could see clearly only three or four of the faces of a given spore? Carbon replicas provided the means for a partial solution to this problem.
In carbon replicas the surface of the spore was often traversed by sharply defined ridges which tended to lie at the edges of the faces, thus outlining them more clearly than in the freeze-etchings (Fig. 19) . As in the freeze-etchings '5, 5, 6' (Fig. 20) and ' 5 , 6, 6' (Fig. 19) vertices were present while ' 5 , 5, 5' and '6, 6 , 6' vertices were not seen. It was possible to examine a large number of spores since many fields similar to the one shown in Fig. 19 were photographed. Information on the following points was obtained: the relative numbers of pentagonal and hexagonal faces; the relative numbers of ' 5 , 5'' ' 5 , 6' and '6,6' edges (i.e . edges between two pentagons, one pentagon and one hexagon, or two hexagons); the relative numbers of ' 5 , 5, 6' and ' 5 , 6, 6' vertices; and the average edge length of the polygons. The photographs of the replicas were examined independently by the three authors and the results are given in Table I . The observers differed in the number of faces which they considered scorable but there was good agreement that pentagons and hexagons occurred in approximately equal numbers ; moreover, the relative frequencies of ' 5 , 5', ' 5 , 6' and '6, 6 ' pairs scored by the three observers were not significantly different (x: = 3-09; P -0.6) and were therefore averaged ( Table I) ' 5 , 5 , 6 ' vertex is shown. There is a discontinuity in fibre orientation within the lower pentagonal face. Bar represents 0 . 2 5 ,urn; encircled arrow indicates shadowing direction. Fig. 1 5 , 16 . Photographs of a 24-face cardboard model made with equal numbers of regular pentagons and hexagons. Two different orientations are shown, both apparently compatible with the view of the spore in Fig. 14. Fig. 17, 18 . Freeze-etchings of spores showing a '5, 6, 6' vertex ( Fig. 17) and a hexagonal face (Fig. I 8) . Bars represent 0.5 ,urn; encircled arrows indicate shadowing direction. Fig. 19 , 20. Carbon replicas of spores showing pentagonal and hexagonal faces outlined by ridges. Fig. 19 shows '5,6,6'vertices (arrows), and Fig. 20 shows a '5,5,6'vertex. Bar represents 0.5,um. From a knowledge of the geometrical properties of polyhedra it was now possible to determine approximately the total number of faces since, for polyhedra with trihedral vertices, 4f2+3f3+2f4+f5+of6-f,-2f8 . . . = 12, where 'f' stands for face and the subscript indicates the number of edges of the face (Thompson, 1952) . Thus for a polyhedron consisting only of pentagons and hexagons there must be 12 of the former but there may be any number of hexagons. If the spore has 12 pentagons and, as was found experimentally assuming no bias due to any favoured orientation of spores on the grid, an approximately equal number of hexagons this gives an approximate value of 24 for the total number of faces.
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It was also possible to derive an estimate of the number of faces by a second approach involving model building. Measurements on five pentagons and five hexagons from the replicas gave average edge lengths of 0.19 pm for pentagons and 0.18 ,urn for hexagons; the weighted average for all 10 polygons was 0.18 pm. The spores seen in the replicas were approximately spherical with a mean diameter of 0.81 pm. The models consisted of pentagons and hexagons outlined on the surface of a spherical ball of plasticine using short lengths of plastic-coated wire cut to correspond to the average edge length. They were built up vertex by vertex, starting at one point, until the whole surface was covered with polygons; the three angles at each vertex were made approximately equal.
Details of the five models made are given in Table 2 . In most cases restrictions were imposed as shown in the Table. The first model could be rejected since several of the polygons had very unequal angles. Moreover, there were six ' 5, 5, 5 ' or ' 6, 6, 6 ' vertices out of a total of 50. The shape of this polyhedron would be somewhat irregular because '5, 5, 5' vertices would result in protruding bumps and '6, 6, 6' vertices would create flattened areas on the surface.
The numbers of different kinds of edges and vertices in the remaining four models were then considered to see whether it would be possible to distinguish between the models by comparing these frequencies with those found in the replicas. It was found, however, that the 24-and 25-face and one of the two 23-face models had very similar edges and vertices (Table 3 ). The data available were incapable of distinguishing between them, although analysis of a larger number of faces, edges and vertices could, in principle, differentiate between certain models. But these four models do not exhaust the possibilities even for 23-, 24-and 25-face polyhedra. There is, for instance, at least one other 24-face polyhedron lacking '5,5, 5 ' and ' 6,6,6' vertices and differing only in the arrangement of pentagons and hexagons from the plasticine model made, and there are presumably others containing such vertices. 22-and 26-face models were not investigated, but it is likely that they too would be 378 '6,6,6' vertices 4 '6,6,6' compatible with the existing data. The q f a c e model with pentagons arranged in two pairs and two rows of four adjacent ones was made by sticking together regular polygons (i.e. with equal angles and edges) cut out of thin card; Fig. 15 and 16 show two views of this model compatible with the pattern of faces seen in the freeze-etching in Fig. 14 . It was thus possible to conclude only that the spores had an external polyhedral shape with 12 pentagonal faces and approximately 12 hexagonal ones, making a total of approximately 24. It was impossible to determine by the methods applied so far whether there was a unique polyhedral shape or whether two or more different polyhedra were present.
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D I S C U S S I O N
The appearance in thin sections of Thermoactinomyces vulgaris spores was similar to that reported by Cross et al. (1968) , Dorokhova et al. (1968 Dorokhova et al. ( , 1970 , and . The formation of endospores within a sporangium attached to the parent hypha was especially clearly shown here (Fig. 5) . Additional details of the sporangium revealed by freeze-etching were the small particles on the plasma membrane and the short 'connecting strands' of fibrous material which were seen running across the boundary between the membrane and wall (Fig. 11) . Both features were also seen in freeze-etchings of vegetative cells of Bacillus species by Holt & Leadbetter (1969) and of Streptomyces by Wildermuth (1971) .
The fibrous structure shown in freeze-etchings is clearly present on the outer surface of the spore and may be continuous throughout the outer spore coat. Spores which had not Structure of Thermoactinomyces vulgaris spores 379 emerged fully from the sporangium showed that this structure was not present on the sporangial wall surface ( Fig. 12 ; . That the fibrous layer was not present in the intermediate or inner spore coats was inferred from the fact that it was this layer which also showed the polyhedral shape known from sections to be confined to the outer coat (see Fig. 14) . Fibrous layers were also seen in the spore coats of Bacillus fastidiosus, B. subtilis and B. Iicheniforrnis by Holt & Leadbetter (1969) . As in Thermoactinomyces vulgaris the fibres in these bacilli were spaced at about 5 nm and the fibres in a given layer were orientated in different directions with respect to those in the layers above and below. In B. coagulans Gould, Stubbs & King (1970) showed fibres with a 5-7 nm spacing on the outer surface of the spores. The fibrous pattern was correlated with the presence of an alkali-soluble protein in the outer coat.
Freeze-etchings provided very clear evidence for the polyhedral nature of Thermoactinornyces vulgaris spores (Fig. 14, 17, 18 ). The polygonal faces had a concave curvature as could also be seen in sections (Fig. 8) . Since there were no obvious ridges between the faces it is likely that the ridges seen in carbon replicas (Fig. 19, 20) were to some extent artifacts resulting from the formation of folds or pleats in the outer layer of the spore integument when the underlying layers shrank during drying. (A shrinkage is indicated by the fact that the diameter measured in carbon replicas (0.81 ,urn) was less than that determined by light scattering of fresh spores in aqueous suspension, which was 1.05 pm, assuming the spore to be spherical -M. J. Daniels, personal communication.) Similar ridges were seen in scanning electron micrographs of spores of the related species T. sacchari (Lacey, 1971 ) and of both T. vulgaris and Actinobzjida dichotomica (Williams, I 970). Scanning electron microscopy may, however, also involve some distortion of shape due to desiccation under vacuum, and spores fixed and dehydrated in an attempt to preserve their natural shape showed less pronounced ridges than untreated ones (Williams, I 970).
With the techniques used here it was possible to conclude only that the shape of Thermoactinomyces vulgaris spores corresponded to a polyhedron with approximately 24 faces, I 2 being inevitably pentagonal and the remaining ones hexagonal. Scanning electron microscopy would reveal a greater proportion of the surface of a given spore. It would therefore be possible to examine a large number of vertices and perhaps to determine also whether pentagons occurred singly, in pairs, or in rows of three or four. It would then be easier to distinguish between some of the possible polyhedra (see Tables 2 and 3) . But since certain pairs of polyhedra are so closely related it is uncertain whether it would be possible, even with this technique, to determine whether or not the spores had a unique polyhedral shape.
The polyhedra discussed above are clearly different from the only regular polyhedron consisting entirely of pentagonal and hexagonal faces, the truncated icosahedron. This is an isometric structure with 12 pentagons and 20 hexagons; the vertices are all of the '5, 6,6' kind and there are no adjacent pentagons (see Cundy & Rollet, 1961) . The polyhedra with 23'24 or 25 faces can only be isometric, as in the plasticine models, if the faces are not regular polygons but have small differences in angles and edge lengths; the cardboard models made from regular polygons were not isometric (Fig. 15, 16) . Since all the electron microscope evidence suggested that the spores were approximately isometric, the faces are probably not completely regular polygons. This is in contrast to the situation in the 'spherical' viruses where the virus shape corresponds exactly to a polyhedron with regular polygonal faces. Virus capsids are, however, only about one tenth or less of the diameter of Thermoactinoinyces vulgaris spores and are formed by the assembly of one or a few kinds of protein subunit. The much larger outer polyhedral shell of T. vulguris spores is more complex, being 380 A. MCVITTIE, H. WILDERMUTH AND D. A. HOPWOOD composed of superimposed fibrous sheets which appear to be added to a basically spherical structure during spore maturation. In view of these differences in size and development a close similarity between the structure of virus capsids and spore outer coats is not expected.
An analysis of mutants with altered spore shape, if they can be isolated, should reveal to what extent the polyhedral shape is under genetic control, while further study of the fibrous component of the outer coat should show if there is any regular relationship between the molecular architecture of this layer and its overall polyhedral shape. A comparative study of Thermoactinomyces vulgaris and Actinobijida dichotomica spores should also prove rewarding. The latter are clearly polyhedral (Williams, 1970) but, although they are similar in size to those of T. vulgaris, the shape appears different; the spore seems to have many fewer faces and may be a dodecahedron with 12 pentagonal faces. The existence of such alternative architecture in itself indicates an element of genetic control. It will be interesting to know how the detailed structure of the outer spore coat of A . dichotomico compares with that of T. vulgaris.
The significance of the polyhedral topography of the spores of these thermophilic actinomycetes is not certain. However, it is conceivable that the polyhedral layer plays a role in preventing deformation of the spores in the same way as comparable structures in architecture (Marks, 1960) . It may be significant that the spores of Thermoactinomyces vulgaris have been shown to survive for over IOO years in nature (Cross & Johnston, 1971 ).
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